Background: Endoplasmic reticulum (ER) oxidoreductin-1α (Ero1α) and protein disulfide isomerase (PDI) constitute the pivotal pathway of oxidative protein folding, and are highly expressed in many cancers. However, whether targeting the functional interplay between Ero1α and PDI could be a new approach for cancer therapy remains unknown. Methods: We performed wound healing assays, transwell migration and invasion assays and xenograft assays to assess cell migration, invasion and tumorigenesis; gel filtration chromatography, oxygen consumption assay and in cells folding assays were used to detect Ero1α-PDI interaction and Ero1α oxidase activity. Findings: Here, we report that elevated expression of Ero1α is correlated with poor prognosis in human cervical cancer. Knockout of ERO1A decreases the growth, migration and tumorigenesis of cervical cancer cells, through downregulation of the H 2 O 2 -correlated epithelial-mesenchymal transition. We identify that the conserved valine (Val) 101 of Ero1α is critical for Ero1α-PDI complex formation and Ero1α oxidase activity. Val101 of Ero1α is specifically involved in the recognition of PDI catalytic domain. Mutation of Val101 results in a reduced ER, retarded oxidative protein folding and decreased H 2 O 2 levels in the ER of cervical cancer cells and further impairs cell migration, invasion, and tumor growth. Interpretation: Our study identifies the critical residue of Ero1α for recognizing PDI, which underlines the molecular mechanism of oxidative protein folding for tumorigenesis and provides a proof-of-concept for cancer therapy by targeting Ero1α-PDI interaction.
Introduction
Cervical cancer is one of the most common malignancies and the second leading cause of cancer-related deaths among women aged 20-39 years old [1] . Although concomitant chemoradiotherapy has been recommended as the standard treatment for cervical cancer, the 5-year survival rate of these patients still needs to be improved. Therefore, new therapeutic targets are urgently needed.
In the process of tumorigenesis, cells often encounter hypoxia, nutrient deprivation, proteasome dysfunction, and protein mutations. Due to uncontrolled proliferation and growth, cancer cells require a great capacity for folding and assembly of proteins in the endoplasmic reticulum (ER), which could lead to an accumulation of misfolded proteins and trigger ER stress [2] . Recent studies have increased our knowledge about the relationships between ER stress and cancer biology by demonstrating the impacts of the unfolded protein response (UPR) on cell transformation, inflammation, tumor angiogenesis, tumor aggressiveness, tumor invasion and metastasis [3] . Proteostasis in the ER has the molecular mechanism of Ero1α-PDI interaction and investigate its role in tumorigenesis.
We found that Ero1α was upregulated in cervical cancer, and increased Ero1α expression correlated with poor prognosis. Knockout (KO) of ERO1A impaired cervical cancer cell growth, migration and tumorigenesis. We further determined that Valine (Val) 101, a conserved hydrophobic residue located in the active site-containing loop of Ero1α, played a critical role in Ero1α-PDI interaction by recognizing the a' domain of PDI. Mutation of Val101 abolished the oxidase activity of Ero1α, reduced ER redox states and retarded oxidative protein folding. Importantly, mutation of Val101 suppressed cervical cancer cell growth, migration and tumorigenesis. Our study provides new insights into the molecular mechanism of Ero1α-PDI oxidative protein folding machinery for tumorigenesis and may guide cancer therapy by targeting Ero1α-PDI pathway.
Materials and methods

Patients and tissues collection
The tissue samples were collected in the First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China in 2013. The Board and Ethical Committee of Wenzhou Medical University approved this study. All patients participated in this study provided written informed consents in accordance with the Declaration of Helsinki. Each pair of normal and cancerous tissue was obtained from the same patient without radiotherapy or chemotherapy prior to the operation. Western blotting was performed to detect Ero1α and PDI expression in these tissues.
Tissue microarray and immunohistochemistry
A human uterine cervix tissue microarray (CR2082) containing 60 cases of malignant tissues and 9 cases of normal tissues was purchased from Biomax. The formalin-fixed, paraffin-embedded sections were stained using anti-Ero1α antibody (177156, 1:200; Abcam). The staining intensity was divided into four categories: negative, weak, moderate and strong staining, according to the weighted intensity and extension of cancerous area.
Plasmid construction and protein preparation
For protein expression in bacteria, pQE30 plasmids encoding PDI and E. coli thioredoxin 1 (Trx1) and pGEX-6P-1 plasmids encoding Ero1α and Ero1β were used [18] . pET28a-Ero1p, pET23b-Pdi1p and pET15b-ERp46 plasmids were previously described [19] . For expression in mammalian cells, pcDNA3.1-Ero1α-myc and pcDNA3.1-Ero1α-HA were used [20] . pcDNA3.1-Ero1α with a C-terminal FLAG tag and all point mutations of Ero1α, Ero1β, and Ero1p were generated by overlap extension PCR and verified by DNA sequencing.
Recombinant Ero1α, Ero1p, PDI, Pdi1p, ERp46 and Trx1 proteins were purified as described [19] . Ero1β was purified as previously described [18] . PDI, Pdi1p, ERp46 and Trx1 protein concentrations were determined by absorbance at 280 nm, and Ero1 protein concentrations were determined by Bradford method.
For reduced protein preparation, PDI at 100 μM, Trx1 at 100 μM or Ero1α at 10 μM were incubated with 100 mM DTT in buffer A (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 2 mM EDTA) for 1 h at 25°C. Excess DTT was removed using a HiTrap desalting column (GE Healthcare) pre-equilibrated with buffer A, and the reduced proteins were stored on ice for use only in the same day. For oxidized protein preparation, PDI at 100 μM or Ero1α at 50 μM was incubated with 50 mM potassium ferricyanide in buffer A for 1 h at 25°C and then chromatographed through a Superdex-200 10/300 GL column (GE Healthcare) preequilibrated with buffer A. The monomer fraction was collected, concentrated and stored at −80°C in aliquots.
Research in context
Evidence before this study Cervical cancer is one of the leading causes of cancer-associated deaths among women, and the 5-year survival rate of these patients is unsatisfying. Under the progression of tumorigenesis, protein synthesis and processing are of vital importance for rapid proliferation of cancer cells. Ero1α-PDI pathway in the endoplasmic reticulum is responsible for protein disulfide formation of membrane proteins and secretary proteins. Although Ero1α has been reported to be highly expressed in breast cancer and colon cancer as a poor prognosis marker, the key role of Ero1α in cervical cancer progression is largely unknown. Moreover, whether targeting the functional interplay between Ero1α and PDI could be a new approach for cancer therapy is an open question.
Added value of this study
This study firstly identifies high Ero1α expression as a marker for poor prognosis in cervical cancer. We also show that valine 101 in Ero1α is a critical residue involved in Ero1α-PDI functional interplay, ER redox balance and cervical cancer cell migration, invasion and tumorigenesis. Our study sheds light on not only new intervention strategy in cervical cancer, but also the molecular mechanism of oxidative protein folding.
Implications of all the available evidence
Further investigations based on our study could lead to the development of small chemicals or peptides that target the Ero1α-PDI interface around valine 101, so as to disrupt the interaction between Ero1α and PDI and prevent cancer progression. As Ero1α and PDI proteins are upregulated in many types of cancers, the strategy of disruption of Ero1α-PDI interaction may be applied not only in cervical cancer, but also in many other cancers.
Cell culture and transfection
HeLa and HEK293T cells were obtained from ATCC (Manassas, VA, USA) and were cultured in Dulbecco's Modified Eagle's Medium (DMEM, HyClone) containing 10% fetal bovine serum (Gibco), 100 units/ml penicillin and 100 μg/ml streptomycin (Gibco) at 5% CO 2 and 37°C. Plasmids were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The transfected cells were harvested after 24-48 h.
Lentivirus preparation
The cDNA of HA-tagged Ero1α and its mutants were cloned into a pLE4 lentiviral vector kindly provided by Dr. Guang-Hui Liu (Institute of Biophysics, Chinese Academy of Sciences). Lentivirus particles were generated from HEK293T cells by cotransfecting lentiviral vectors with the packaging plasmids psPAX2 (Addgene) and pMD2.G (Addgene) and used for transduction in the presence of 4 μg/ml polybrene.
Generation of ERO1A KO HeLa cell lines by CRISPR/Cas9 genome editing
The 20-nt guide sequences targeting human ERO1A were designed and cloned into the expression vector pSpCas9(BB)-2A-GFP (PX458) containing human codon optimized Cas9, the RNA components and GFP (a gift from Dr. Feng Zhang, Addgene plasmid # 48138). The guide sequence targeting exon 1 of human ERO1A is:
5′-CGGCTGGGGATTCTTGTTTG-3′ (clone 10 and 13). HeLa cells were transfected with pSpCas9(BB)-2A-GFP vector containing the single-guide RNAs (sgRNAs) by Viafect (Promega) for 48 h, and GFP-positive cells were single-cell-sorted and screened. Genomic DNA (gDNA) was purified from clones using the TransDirect Animal Tissue PCR Kit (TransGen), and the region surrounding the protospacer adjacent motif (PAM) was amplified using the following primers:
Forward: 5′-GATCGCTGAGAGGCAGGA-3′. Reverse: 5′-AGAAGCACCTCTGTGCCG-3′. PCR products were cloned into pEASY-T5 Zero Cloning Vector (TransGen). The InDels of individual alleles were determined by plasmid DNA purification and sequencing (Invitrogen).
Western blotting
Cells were lysed in radio immunoprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA, Millipore) containing protease inhibitor cocktail (Roche) for 30 min and then centrifuged at 13,000 ×g for 20 min to remove cell debris. The proteins in supernatant were quantified using a BCA Kit (Beyotime) and analyzed by SDS-PAGE. The gel was then transferred to a polyvinylidene difluoride membrane (Millipore) using a semi-dry transfer apparatus or a wet transfer apparatus. The membrane was blocked in 5% milk, incubated with antibodies and visualized by using a Chemi-Scope Mini imaging system (Clinx Science) with enhanced chemiluminescence (Thermo Fisher Scientific). Band intensity was quantified using ImageJ software (National Institutes of Health).
The following antibodies were used for immunoblotting: mouse monoclonal anti-Ero1α (2G4, 1:1000; Millipore), anti-PDI (RL90, 1:2000; Abcam), anti-Flag (M2, 1:2000; Sigma-Aldrich), anti-myc (9E10, 1:5000; Sigma-Aldrich), anti-HA (HA-7, 1:5000; SigmaAldrich), anti-E-cadherin (4A2, 1:1000; Cell Signaling Technology), anti-GAPDH (GAPDH-71.1, 1:50000; Sigma-Aldrich); rabbit monoclonal anti-Vimentin (D21H3, 1:1000, Cell Signaling Technology), antiSnail (C15D3, 1:1000, Cell Signaling Technology), anti-Slug (C19G7, 1:1000, Cell Signaling Technology), goat anti-mouse IgG (1:10000; Sigma-Aldrich), and goat anti-rabbit IgG (1:10000, Sigma-Aldrich). The PDI and ERp46 antisera were generated by immunizing rabbits with purified recombinant proteins (Animal Facility, Institute of Genetics and Developmental Biology, CAS).
Immunoprecipitation
HEK293T cells transfected with pcDNA3.1-Ero1α-FLAG for 24 h were harvested and lysed in RIPA buffer containing protease inhibitor cocktail, and the supernatants were incubated with anti-FLAG M2-agarose beads (A2220, Sigma-Aldrich) overnight at 4°C. The beads were washed three times with phosphate-buffered saline (PBS), resuspended in reducing loading buffer, and analyzed by western blotting.
Cell cycle analysis
HeLa cells of 2 × 10 6 were trypsinized, washed twice with PBS and fixed with 70% cold ethanol at -20°C overnight. Fixed cells were washed with PBS and stained with 200 μl propidium iodide (Invitrogen) for 30 min in the dark. The cell cycle was analyzed by a flow cytometry.
Wound healing assays
HeLa cells were seeded in an insert of Culture-Insert 2 Well μ-Dish (Ibidi). Once cells grew to confluent monolayers, the insert was removed to introduce a uniform wound, and the medium was changed to DMEM containing 1% FBS. The migration of cells into the wound was monitored under a microscope for up to 24 h.
Transwell migration and invasion assays
Transwell migration assays were performed in a 24-well Transwell Inserts (Corning). HeLa cells (5 × 10 4 ) suspended in 200 μl serum-free medium were seeded in the upper chamber, and 600 μl DMEM containing 1% FBS was placed in the lower chamber. After incubation for 24 h at 37°C, the cells in the upper chamber were carefully removed with a cotton swab, and the cells that had migrated to the reverse face of the membrane were fixed in methanol and stained with 0.1% crystal violet. Five fields were randomly selected from the central and surrounding parts of the membrane under a microscope, and cells were counted and normalized as indicated for statistical analysis. Transwell invasion assays were performed similarly as the migration assay, except the membrane of the upper chamber was Matrigel (BD Biosciences) precoated to mimic extracellular matrix.
Xenograft assays
For xenograft assays, HeLa cells (1 × 10 6 cells/mice) in 100 μl PBS were injected subcutaneously into the right and left flanks of 6-8 w female BALB/c nude mice (Vital River). After 36-42 days, the mice were sacrificed by cervical dislocation, and tumor tissues were excised, imaged, and weighed. Animal experiments were conducted with the approval of the Institutional Biomedical Research Ethics Committee of the Institute of Biophysics, Chinese Academy of Science.
Determination of ER redox state with superfolded-roGFP-iE ER
HeLa cells transfected with pcDNA3.1-superfolded-roGFP-iE ER alone or cotransfected with pcDNA3.1-Ero1α-myc for 48 h were harvested, washed twice with Hanks' Balanced Salt Solution (HBSS, Gibco), and then seeded onto a flat-bottom 96-well plate. The fluorescence intensities were measured at 525 nm with excitation at 390 and 465 nm by using an EnSpire Multimode Plate Reader (Perkin Elmer), and the fluorescence intensity ratio at 390/465 nm excitation was calculated.
In vivo oxidative folding assays
The in vivo myc-tagged Ig-J chains (JcM) folding assays were performed as described [20] . Briefly, HeLa cells cotransfected with pcDNA3.1-JcM and pcDNA3.1-Ero1α-HA for 48 h were harvested and incubated in DMEM containing 5 mM DTT for 5 min at 37°C. After two washes in ice-cold PBS, cells were resuspended in fresh DMEM at 20°C. Aliquots were taken at different time points, quenched by 20 mM NEM, and lysed in RIPA buffer containing protease inhibitor cocktail and 20 mM NEM. The supernatants were resolved by nonreducing SDS-15% PAGE and analyzed by western blotting.
Determination of H 2 O 2 in the ER with HyPer ER probe
Determination of H 2 O 2 in the ER with HyPer ER probe were performed according to previous work [21] . HeLa cells transfected with HyPer ER [22] for 24 h were harvested, washed twice with HBSS, and then seeded onto a flat-bottom 96-well plate. After the addition of 0.5 mM DTT for 5 min, the fluorescence intensities were measured at 530 nm with excitation at 405 and 488 nm using an EnSpire Multimode Plate Reader (Perkin Elmer). The fluorescence intensity ratio at 488/405 nm excitation was calculated.
Circular dichroism analysis
The circular dichroism spectra of proteins at concentration of 0.2 mg/ml in 50 mM Na-Pi buffer (pH 7.0) were recorded from 195 nm to 260 nm in 1 nm step at 25°C on a Chirascan Plus instrument (Applied Photophysics).
Oxygen consumption assays
Oxygen consumption was measured at 25°C using an Oxygraph Clark-type oxygen electrode (Hansatech Instruments) as previously described [18] . Briefly, reactions were initiated by injecting Ero1 proteins into buffer B (100 mM Tris-HAc, 50 mM NaCl, 2 mM EDTA, pH 8.0) containing PDI/GSH or reduced Trx1 with or without FAD.
Analysis of Ero1α-PDI complex formation by gel filtration chromatography
Gel filtration chromatography of PDI, Ero1α and its mutants was performed on a Superdex-200 10/300GL column (GE Healthcare) preequilibrated with buffer A. Absorbance at 280 nm was recorded, and the monomer fraction was collected. Ero1α (or its mutants) and PDI monomers both at 5 μM were then mixed for incubation in buffer A for 30 min at 25°C, and the complex was analyzed using the Superdex-200 10/300GL column.
Determination of Ero1α redox state in vitro
For the activation of Ero1α, oxidized Ero1α proteins were incubated with 10-fold reduced PDI in buffer A at 25°C. For the inactivation of Ero1α, freshly prepared reduced Ero1α proteins were incubated alone in buffer A at 25°C. Aliquots were taken at different times for immediate quenching with 20 mM N-ethylmaleimide (NEM, Sigma-Aldrich). The samples were then analyzed by nonreducing SDS-9% PAGE followed by western blotting.
Statistical analysis
The data were presented as the mean ± SEM from three or more independent experiments. The Student's t-test assumed two-tailed distributions to calculate statistical significance between groups. Differences were analyzed by GraphPad Prism 5, and p-values b.05 were considered to reach statistical significance. For the correlation between ERO1A mRNA expression and survival probability, the difference was evaluated by Kaplan-Meier analysis using the log-rank test. ERO1A expression greater than the third tercile of all patients was defined as high, and expression lower than the first tercile was defined as low. P-values of the log-rank test b0.05 indicates statistical significance.
Results
Increased Ero1α expression in human cervical cancer is associated with malignancy extent and poor prognosis
We analyzed Ero1α and PDI protein levels in cervical cancer tissue and adjacent normal cervical tissue of the same patient. Ero1α expression in cancer samples was aberrantly upregulated compared with normal tissues in 12 out of 15 patients, suggesting a positive correlation between Ero1α levels and cervical cancer. Interestingly, there seems to be a trend for samples with high Ero1α expression to also exhibit high PDI expression; however, the finding was not statistically significant between cancer and normal tissues for PDI expression (Fig. 1a and S1) . By immunohistochemistry staining, we analyzed Ero1α expression patterns in a tissue microarray containing 60 cases of cervical cancer tissues with 9 cases of normal cervical tissues (Fig. 1b and Table S1 ). Ero1α expression levels in the array were classified into four categories, i.e., negative, weak, moderate, and strong immunohistochemistry staining (Fig. 1c) , and clustered into four grades of cervical cancer tissues ( Fig. 1d and Table S1 ). As shown in Fig. 1d , normal tissues exhibited negative or weak Ero1α expression, whereas cancer tissues mainly exhibited moderate or strong Ero1α staining. Notably, Ero1α expression was evidently elevated as the grade of cancer malignancy increased. Kaplan-Meier analysis from TCGA database showed that cervical cancer patients with high Ero1α expression had drastically shorter overall survival compared with patients with low Ero1α expression (Fig. 1e) . Thus, Ero1α might be a biomarker for poor prognosis in cervical cancer.
ERO1A KO impairs HeLa cell growth, migration, and tumorigenesis
To investigate the role of Ero1α in cervical tumorigenesis, we generated ERO1A KO HeLa cervical cancer cells by means of CRISPR/Cas9 genome editing (Fig. S2) . Growth curves of wild-type (WT) cells and two clones (C10 and C13) of ERO1A KO HeLa cells revealed that depletion of ERO1A impeded cancer cell growth (Fig. 2a) , and cell cycle analysis demonstrated that the ERO1A KO HeLa cells were more arrested in G1 phase compared with WT cells (Fig. S3) . Wound healing assay indicated that the migration ability of ERO1A KO cells was impaired (Fig. 2b) . In transwell migration assays, the numbers of ERO1A KO cells that migrated to the underside of filter membrane were dramatically reduced to approximately 20-30% of migrated WT cells (Fig. 2c) . The invasion ability of ERO1A KO cells was again significantly impaired (Fig. 2d) . These results indicated the importance of Ero1α in cervical cancer cell migration and invasion. In BALB/c nude mice injected with WT or ERO1A KO HeLa cells, the tumors derived from ERO1A KO cells showed much smaller sizes and lower weights compared with those derived from WT cells (Fig. 2e) . The above results suggest that Ero1α is important for cervical cancer progression, and ERO1A KO impedes cancer cell proliferation and tumor growth.
Epithelial-mesenchymal transition (EMT) is a common mechanism for promoting tumor cell metastasis [23] , by which epithelial cells lose their cell polarity and cell-cell adhesion and gain migratory and invasive properties to become mesenchymal stem cells. The expression of EMTpromoting molecules Slug, Snail, and Vimentin in ERO1A KO cells was greatly downregulated, and cellular adherence molecule E-cadherin was upregulated (Fig. 2f) . Ero1α is responsible for oxidative protein folding in the ER by generating disulfides with H 2 O 2 as a byproduct [10] , which was reported to enhance EMT [24, 25] . To detect H 2 O 2 levels in the ER, an ER lumen-localized H 2 O 2 probe (HyPer ER ) was used by monitoring the fluorescence intensity ratio at 488/405 nm excitation [22, 26] . Because in the ER, HyPer ER can be oxidized either by H 2 O 2 or by PDI, the reductant dithiothreitol (DTT) was typically included to maintain PDI in a reduced state [21, 27] . Accordingly, in DTT-flooded cells, we found that the H 2 O 2 levels in the ER lumen of ERO1A KO cells were lower than that in WT cells (Fig. 2g) . Addition of H 2 O 2 to the cells restored the signal to a similar level, validating the usage of HyPer ER probe (Fig. S4) . To further confirm the role of Ero1α in EMT signaling, we treated cells with N-acetylcysteine (NAC), a cell-permeable glutathione precursor and a widely used reactive oxygen species (ROS) scavenger [28] . Indeed, NAC treatment suppressed EMT signaling triggered by Ero1α-overexpression (Fig. S5 ), in line with the observation that NAC could revert Ero1α-induced hyperoxidation in the ER [29] . Altogether, Ero1α promotes cervical cancer cell proliferation, migration, invasion and tumorigenesis, at least partially through H 2 O 2 -dependent EMT pathways.
The conserved Val101 is critical for Ero1α-PDI complex formation and Ero1α activity
Ero1α catalyzes oxidative protein folding through the oxidation of its downstream oxidoreductase PDI. The interaction between Ero1α and PDI is a prerequisite for their functional interplay [8] . Therefore, the disruption of the interaction between Ero1α and PDI could represent an effective strategy to suppress tumorigenesis. Previous studies have confirmed that functional electron transfer occurs through the binding of Ero1α to the b'xa' fragment of PDI [17] , and the Trp272 residue in a protruding β-hairpin of Ero1α is responsible for recognizing the hydrophobic pocket in the b' domain of PDI [30] . The binding affinity of PDI with active Ero1α was significantly higher than that of PDI with inactive Ero1α [19, 31] ; however, no substantial conformation change was observed between active and inactive forms of Ero1α based on structure superposition, including the protruding β-hairpin region. A flexible loop in Ero1α, which contains the outer active site (Cys94-Cys99) and two regulatory cysteines (Cys104 and Cys131), enables electron shuttling from PDI to the FAD-proximal inner active site (Cys394-Cys397) of Ero1α and finally to oxygen (Fig. 3a and b) . Unfortunately, structural information of this loop is missing in both active and inactive Ero1α structures due to its intrinsic flexibility. Sequence alignment of this loop region from different species reveals that Val101, Val109 and Pro110 are the most conserved hydrophobic residues (Fig. 3a) . To verify their potential roles in recognizing PDI, we first mutated these residues to glycine, and the mutations did not change the overall secondary structures as shown by circular dichroism spectrum (Fig. 3c) . In a reconstituted system, the three Ero1α mutants showed decreased activities towards the oxidation of physiological substrate PDI reduced by glutathione (GSH), and Ero1α V101G is the least active (Fig. 3d) . Analysis of Ero1α-PDI complex formation by gel-filtration chromatography showed that V101G mutation drastically destroyed the interaction between Ero1α and PDI; however, the other two mutations exhibited less effects ( Fig. 3e and f) . Given that Ero1α activity is allosterically controlled by PDI [19] , we also assessed whether the V101G mutation affects these regulatory processes. Neither the activation nor the inactivation process of Ero1α was affected by the mutation of Val101 (Fig. S6) . Taken together, we have identified that Val101 is a critical residue for Ero1α-PDI physical binding and complex formation, which is necessary for Ero1α oxidase activity.
Val101 of Ero1α is specifically involved in the recognition of the catalytic domain of PDI
Next, we employed PDI, Trx1 and ERp46 to investigate which part of PDI is recognized by Val101 of Ero1α. PDI consists of four Trx-like domains. Among these domains, two are catalytic domains (a and a'), and two are noncatalytic domains (b and b'). Trx1 contains only one catalytic domain. ERp46 is a PDI family member containing three a-type catalytic domains [32] . Oxygen consumption assays showed that mutation of either Val101 or Trp272 resulted in the disability of Ero1α to oxidize PDI (Fig. 4a) . In contrast, Ero1α W272G exhibited the same activity as Ero1α
WT towards the oxidation of reduced Trx1 or ERp46, whereas both Ero1α-V101G and Ero1α V101G/W272G were incapable to do so ( Fig. 4b and c) .
These results suggest that Val101 of Ero1α interacts with the catalytic domain rather than the noncatalytic domain of PDI. Moreover, mutation of Val101 drastically impeded the oxidation of PDI a' domain and minimally affected the a domain (Fig. S7 ), in accordance with our previous finding that Ero1α prefers to oxidize the a' domain of PDI [17] . Gel-filtration analyses demonstrated that Val101 played a more powerful role than Trp272 in Ero1α-PDI complex formation (Fig. 4d) . In accordance, coimmunoprecipitation analyses showed that mutation of Val101 markedly reduced Ero1α-PDI and Ero1α-ERp46 complexes in cells, whereas mutation of Trp272 caused less changes in complex formation (Fig. 4e) . The conserved role of this valine residue was also verified in human Ero1β and yeast Ero1p (Fig. S8) . Altogether, Val101 and Trp272 recognizes the a' and b' domains of PDI, respectively, and the former plays a dominant role in Ero1α-PDI complex formation (Fig. 4f) .
Mutation of Val101 triggers a reduced ER and inhibits the oxidase activity of Ero1α in cells
The ER lumen is significantly more oxidized compared with the cytosol with a lower GSH/GSSG ratio [33, 34] . To study whether Val101 of Ero1α functions in ER GSH/GSSG maintenance, we employed an ER-localized superfolded redox-sensitive green fluorescent protein (superfolded-roGFP-iE ER , hereafter referred to as roGFP ER ) as previously described [35] . roGFP ER displays ratiometric fluorescence, and the fluorescence intensity ratio at 390/465 nm excitation increases under oxidizing conditions and decreases when the ER becomes reducing. Using this probe, we observed a more reduced ER in the two clones of ERO1A KO HeLa cells (Fig. 5a) . Next, we stably expressed Ero1α WT , Ero1α V101G or Ero1α C99A/C104A (an inactive Ero1α for its outer active site was ruined, used as a negative control, also see Fig. S6 ) in ERO1A KO HeLa cells. Flow cytometry analyses showed that apoptosis was not induced in any of these cells (Fig. S9) . The redox state in the ER was considerably recovered with the replenishment of Ero1α WT , whereas Ero1α V101G and Ero1α C99A/C104A did not restore the ER redox balance (Fig. 5b) . shown as in (f). The peaks for Ero1α, PDI, and Ero1α-PDI complex were indicated.
We next explored whether mutation of Val101 in Ero1α affected oxidative protein folding in cells by monitoring the folding of immunoglobulin J-chain, a model substrate of Ero1α [36] . When HeLa transfectants expressing Myc-tagged J-chain (JcM) were exposed to DTT, most of the JcM was forced to be a reduced monomer. After DTT removal, the reduced monomers gradually disappeared, and oxidized monomers, dimers and high-molecular-weight (HMW) species appeared (Fig. 5c) . Cells co-expressing Ero1α
WT drastically accelerated the refolding kinetics of JcM. However, Ero1α V101G did not promote and even slowed down the JcM refolding compared to that in mock cells (Fig. 5c) . The importance of Ero1α activity on cell survival was further evaluated using DTT as a reductive stress inducer. As shown in Fig. 5d , cell viability was reduced as the concentration of DTT increased, and depletion of Ero1α markedly decreased cell viability. Replenishment of Ero1α WT largely restored cell viability under reductive stress;
however, Ero1α V101G and Ero1α C99A/C104A showed insufficient effects (Fig. 5d) . Therefore, Val101 of Ero1α is essential for Ero1α oxidase activity in cells and is important for ER redox homeostasis maintenance.
Val101 of Ero1α is critical for cell migration, invasion, and tumor growth
To determine the effects of mutation of Val101 on tumorigenesis, we first depicted the growth curves of ERO1A KO cells stably expressing Ero1α . Mutation of Val101 caused marked growth retardation (Fig. 6a) . In addition, when cells expressing Ero1α
WT stopped growing with contact inhibition, cells expressing Ero1α V101G were still not confluent (Fig. S10) . Cells expressing Ero1α-V101G also exhibited delayed wound healing (Fig. 6b) , impaired cell migration (Fig. 6c) and invasion (Fig. 6d ) compared with cells expressing Ero1α WT . These results indicated that mutation of Val101 prevented cervical cell migration and invasion. Moreover, xenograft assays showed that the tumors derived from ERO1A KO HeLa cells stably expressing Ero1α V101G were significantly smaller than those from cells expressing Ero1α WT (Fig. 6e) . Further, we found that replenishment of Ero1α WT induced the expression of mesenchymal markers, including Vimentin, Slug, Snail, while suppressed the epithelial marker E-cadherin; however, 
Ero1α
V101G was incapable to promote efficient EMT signaling in ERO1A
KO HeLa cells compared with Ero1α WT (Fig. 6f) . Consistent with the role of H 2 O 2 in EMT signaling, the H 2 O 2 levels in the ER of Ero1α V101G -expressing cells were lower than that in Ero1α
WT -expressing cells ( Fig. 6g and Fig. S4 ). Taken together, mutation of Val101 in Ero1α impairs cervical cell migration, invasion and tumor growth.
Discussion
Ero1α, a sulfhydryl oxidase responsible for oxidative protein folding [8] , exhibits highly upregulated expression in a variety of cancers [13, 14, [37] [38] [39] and thus represents a potential target for tumor intervention. Cervical cancer is one of the most common cancers in women, but little is known about the correlation of Ero1α with cervical carcinogenesis. In this study, we focused on the oxidative protein folding pathway and established the link between Ero1α-PDI interaction and tumorigenesis in cervical cancer. Based on the analyses of Ero1α expression levels in cervical cancer patients and immunohistochemistry staining of cervical cancer tissue microarray, we identified markedly increased Ero1α expression in tumor tissues compared with in normal tissues. In particular, the expression of Ero1α increased with the malignant degree of cervical cancer and poor prognosis (Fig. 1) , indicating that Ero1α- mediated oxidative protein folding pathway is hijacked for the survival and proliferation of cancer cells. Knockout of ERO1A diminished tumor weight, providing direct evidence for the importance of Ero1α in tumorigenesis (Fig. 2e) . Based on sequence alignment and biochemical analysis, we revealed that Val101 of Ero1α is a critical residue mediating Ero1α-PDI interaction (Fig. 3) . Mutation of Val101 generated a reduced ER, retarded the oxidative folding of substrates (Fig. 5) , and further impaired cervical cancer cell migration, invasion, and tumor growth ( Fig. 7) . Therefore, we provide the first evidence that disruption of Ero1α-PDI functional complex is an efficient strategy for prevention of tumorigenesis. Previous studies have reported that the expression and folding of several tumor-associated factors are promoted by Ero1α, such as growth factor VEGF, the master regulator for angiogenesis and tumor metastasis [38] . Ero1α promoted colon cancer progression through modulation of integrin-β1 glycosylation and membrane transport [39] . It will be interesting to know how the overall profile of proteins that drive metastasis and tumorigenesis changes in Ero1α KO cells or Ero1α-V101G knock-in cells. Here, we report that in addition to oxidative protein folding catalyzed by Ero1α/PDI, H 2 O 2 , the byproduct of Ero1α oxidase activity, could also play an important role in tumorigenesis. H 2 O 2 functions as a two-edged sword. It participates in many cellular pathways as a signaling molecule, but it also acts as an ROS to promote EMT, which is a notable mechanism involved in the progression of tumors [24] . Our results demonstrated that ERO1A KO or alternatively mutation of Val101 indeed decreased the production of H 2 O 2 in the ER (Fig. 2g and Fig. 6g ) and suppressed tumorigenesis. Thus, elimination of excess H 2 O 2 generated by Ero1α might be another strategy for prevention of tumorigenesis. There are three peroxidases (Prx4, GPx7 and GPx8) located in the ER lumen, which utilize H 2 O 2 for further oxidative protein folding by catalyzing PDI oxidation and concomitantly limit oxidative damage [40] . Notably, these peroxidases are connected to various diseases, underscoring the importance of ER redox homeostasis mediated by efficient H 2 O 2 scavenging. For example, Prx4 has recently been proposed as a biomarker for type 2 diabetes, cancer, and sepsis [41] and GPx7 has tumor suppressor functions in esophageal adenocarcinoma [42] as well as geroprotective functions [43, 44] . Interestingly, Ero1α is also upregulated in esophageal and gastric cancer cells [45] , which is in contrast to the expression variation of GPx7. The decrease in GPx7 and increase in Ero1α in the development of these cancers may also imply the potential relationship between H 2 O 2 and cancers.
Previous attempts for cancer therapy by developing small molecular inhibitors for either PDI or Ero1α have been reported. For example, 16F16 inhibits PDI activity by irreversible binding to the active-site cysteines of PDI [46] , and EN460 competes with FAD cofactor of Ero1α to prevent its re-oxidation [47] . Nevertheless, 16F16 shows cytotoxicity given its PDI inhibition as well as potential off-target effects, and 16F16 could bind to other proteins that containing free cysteines within a similar binding cavity as in PDI [46] . Although EN460 exhibits high specificity towards Ero1α, it has low potency in vivo and exhibits a toxicity profile due to promiscuous interactions with free thiols [47] . Therefore, these inhibitors are far from clinic usage and awaiting further evaluation of their specificity and off-target toxicity. Here, we found that mutation of the critical Val101 residue of Ero1α led to the disruption of Ero1α-PDI functional complex and efficiently inhibited cervical cell migration, invasion, and tumorigenesis. Because the hydrophobic residue Val101 is very close to the outer active site (Cys94-Cys99) of Ero1α, we thus proposed that Val101 very possibly affects the docking between Ero1α outer active site and the -Cys-Gly-His-Cys-active site in the a' domain of PDI, which is also located in a hydrophobic patch [48] (Fig. 7) . Although the structure of this loop is missing due to its intrinsic flexibility, we speculate that this flexible loop can be recognized by PDI as an unfolded peptide, and Val101 plays a dominant role in the recognition. Future structural study on Ero1α-PDI complex should provide more detailed information about how the Val101 of Ero1α is involved in the binding with PDI. In addition to PDI, Ero1α also oxidizes other PDI family members, such as ERp46 and P5 [49] . ERp46 promotes tumor growth in prostate carcinoma cells [50] ; P5 promotes the proliferation of HeLa cells through activating the Wnt/β-catenin signaling pathway [51] . All these PDI homologues contain the a-type catalytic domains; thus, the strategy of disruption of Ero1α-PDI interaction might also be useful to inhibit cancer progression mediated by PDI homologues. Indeed, mutation of Val101 also destroys the functional interplay between Ero1α and ERp46 ( Fig. 4c and e) .
The current therapies for cervical cancer include surgery, radiation therapy and chemotherapy. However, patients receiving these treatments often suffer from poor quality of life. Based on our findings, we propose a new strategy for intervention of cervical cancer by targeting the Ero1α-PDI interface formed by Val101 and corresponding residues in PDI. Small chemicals or peptides that mimic the conformation around Val101 of Ero1α should disrupt the interaction between Ero1α and PDI to prevent cancer progression. To this end, efficient chemical or peptide discovery is expected for the realization of this therapeutic concept. Given that Ero1α and PDI proteins are upregulated in many types of cancers, the strategy of disruption of Ero1α-PDI interaction may be applied not only in cervical cancer but also in many other cancers. Collectively, our study offers mechanistic insights into the oncogenic roles of Ero1α and reveals Ero1α as a potential biomarker and therapeutic target for cancers. 
